Sucrose uptake was studied in isolated, immature pea cotyledons (Pisum sativum L. cv Marzia) in relation to their developmental stage. During the developmental period examined the water content of the cotyledons decreased from =80% "stage 1" to =55% "stage 2". When assayed in an isotonic medium (400 osmoles per cubic meter) the influx capacity per gram fresh weight for sucrose was almost constant during this developmental period. The influx could be analyzed into a saturable component (Km = 9 moles per cubic meter; V,,x = 150 nanomoles per minute per gram fresh weight) and an unsaturable component (k1 = 0.5 nanomoles per minute per gram fresh weight [per mole per cubic meter]). Incubation in a hypotonic medium reduced the sucrose influx in stage 1 cotyledons, up to 80% reduction at 0 milliosmole (medium without mannitol), but had no effect on sucrose uptake by stage 2 cotyledons. Reduced uptake in a hypotonic medium (100 osmoles per cubic meter) could be attributed to a lowering of the Vmax from 150 to 36 nanomoles per minute per gram fresh weight. During incubation of stage 1 cotyledons and stage 2-cotyledons in a hypotonic medium (200 osmoles per cubic meter) their volume increased by 16% and 5.6%, respectively, while the calculated turgor pressure increased from 0.2 to 0.6 megapascal for cotyledons of both developmental stages. Reduced sucrose influx in hypotonic medium, therefore, seems to be related to cell swelling (membrane stretching) rather than to increased turgor pressure.
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During the development of the pea seed large amounts of starch and protein are accumulated in the cotyledons. The assimilates, necessary for the synthesis of these storage compounds, are imported through phloem strands in the funiculus and seed coat. Because there are no protoplasmic connections between seed coat and embryo (6, 17, 23) , after unloading from the phloem, assimilates have to leave the seed coat symplast before reaching the growing embryo and have to pass the plasma membrane of the cotyledonary cells.
The presence of unsaturable and saturable uptake systems for both amino acids (1, 10) and sucrose (12, 13, 22) have been demonstrated in isolated cytyledons from developing legume seeds. Saturable uptake of both sucrose and amino acids seems to be proton symport (1, 10, 13, 22) . Moreover, a 62 kD protein has been identified, whose properties indicate that it is involved in the saturable sucrose uptake by developing soy bean embryos (20) .
During seed development the kinetics of amino acid uptake by pea cotyledons changes. At early developmental stages amino acid uptake is unsaturable but at later stages this transport pathway is supplemented by a saturable system (10) .
The aim of this study was to obtain information about sucrose uptake by maturing pea cotyledons during the period of development in which most of the starch is accumulated. Using freshly isolated cotyledons, the capacity of sucrose influx at various developmental stages was probed with [U-'4C]sucrose. A kinetic analysis of sucrose uptake was made at the start and toward the end of starch accumulation.
It has been suggested that the osmolarity of the solution in the seed apoplast could regulate the rate ofphloem unloading, assimilate metabolism and assimilate compartmentation in developing legume seeds (18, 23) . Also, effects of medium osmolarity on sugar uptake by various tissues (3, 15, 19, 24, 26) have been described. Therefore, effects of medium osmolarity on sugar influx were also investigated.
MATERIAL AND METHODS

Plant Material
Pea plants (Pisum sativum L. cv Marzia) were grown from seeds obtained from Nunhems Zaden BV, Haelen, The Netherlands. Cotyledons were collected and prepared as described; the water content of the cotyledons was taken as an index of their developmental stage (8) 
Water Relations
The water potential of freshly isolated cotyledons was determined from the changes in their fresh weights after incubation in media with various osmolarities (9) . The osmotic potential of the cell sap of freshly isolated cotyledons was measured with a Wescor 5100 C vapor pressure osmometer.
The cell sap was collected by squeezing the cotyledons after a freezing/thawing treatment.
Uptake Experiments
The uptake of sucrose and glucose was studied in a manner similar to that previously described for the uptake of valine (10) . Briefly, four cotyledons were incubated in 4 mL of basal 832 (Table I) .
Cotyledons incubated in a hypotonic medium absorbed water. In basal medium supplied with 200 mol * m-3 mannitol (*,, --0.48 MPa),' their volume increased by 16% in stage 1 cotyledons and by 5.6% in stage 2 cotyledons (Table I) . Accordingly, an increase in cell surface can be estimated to be 10.4 and 3.7% in stage 1 and stage 2 cotyledons, respectively. After equilibration, the water potential of the cotyledons should be equal to that of the bathing solution, viz.
'Abbreviations: I,,, water potential: 1,, osmotic potential, 4,p, pressure potential. (Table I) .
Uptake of Sucrose without Prior Hydrolysis Exogenously supplied glucose is easily converted into fructose, presumably by phosphoglucose-isomerase (Table II) . Therefore, it might be expected that conversion of fructose into glucose can also occur. After uptake of [fructosyl-3H] sucrose, the label was highly preserved in the fructosyl-moiety (Table II) . This indicates that sucrose was not hydrolyzed by an external invertase before uptake, because otherwise conversion of labeled fructose into labelled glucose would have occurred. Therefore, these results indicate that the sucrose molecule enters the symplasm intact by a sucrose carrier.
This was further borne out by experiments in which the effect of glucose and fructose on sucrose uptake was assayed (Table III) . Neither of the hexoses had any appreciable effect on the uptake rate of sucrose. almost constant (8.0 nmol-min-'-g fresh weight-') between 0 and 400 mosM and then decreased by -30% when medium osmolarity was further raised to 800 mosM (Fig. 2) .
A slight reduction (_ 12%) of sucrose influx at higher osmolarities was also observed with stage 1 cotyledons. In isotonic medium, the influx in stage 1 (Fig. 2) .
Obviously, the hypotonic condition reduces sucrose influx 8 §6
.c4 Figure 3 . Measurements of sucrose influx in cotyledons of various developmental stages were performed in isotonic as well as in hypotonic medium, so that information was obtained about the influx capacity during development and its sensitivity to the hypotonic condition. When assayed in an isotonic medium (400 mosM) influx capacity was almost constant (6-7 nmol. min-' g fresh weight-') during the developmental period examined (Fig. 3) . There is some indication of the influx capacity being lower at the earliest developmental stage. or 400 mosM (Fig. 4) (Table IV) . In stage 1 cotyledons the inhibition of the uptake in medium with a low osmolarity resulted from a reduction of the Vmax to 36 nmol min-'.g fresh weight-' (Table IV) . The osmolarity of the medium also affected the other parameters. Using a medium with an osmolarity of 100 mosM, the calculated Km values were 1.7-fold smaller and the proportionality constant of the linear uptake was approximately 1.7-fold higher than in experiments where cotyledons were incubated in a medium with an osmolarity of 400 mosM (Table IV) .
Effects of pH on Sucrose Influx
In medium with 400 mol * m-3 mannitol sucrose uptake by both stage 1 and stage 2 cotyledons depended on the pH of the incubation medium. From a maximum uptake rate of 6.8 and 10.2 nmol min-'.g fresh weight-' at pH 4 uptake rates decreased to 1.8 and 4.2 at pH 8 for stage 1 and stage 2 cotyledons, respectively (Fig. 5) . In medium without mannitol, sucrose influx by stage 1 cotyledons was greatly reduced. The remaining influx, which can be attributed to the linear component, was essentially independent of the external pH (Fig. 5) .
DISCUSSION
Mechanism of Sucrose Uptake
The water potential of freshly isolated immature legume embryos is approximately -1.0 MPa (Table I) (9, 21, 25) . This water potential should be equal to the water potential in the surrounding apoplast, if in situ equilibrium between the water potentials of the embryos and their apoplast is assumed. Based on the amounts ofsolutes, originating from the apoplast of Phaseolus seed coats and embryos, Patrick (18) has estimated a similar apoplastic water potential. It is likely, therefore, that the influx capacity measured at 400 mosM reflects that capacity in developing pea cotyledons in situ. Hence, sucrose influx is inhibited by low medium osmolarity rather than stimulated by high medium osmolarity.
During the whole developmental period studied the capacity of sucrose influx (measured at an external concentration of 0.5 molrmn3 and in an isotonic medium [a medium osmolarity of 400 mosM]) was roughly constant (Fig. 3) . Also, no major changes could be observed in the kinetics of sucrose uptake during development (Table IV) . In both stage 1 and stage 2 cotyledons uptake of sucrose was mediated by two components: a saturable and an unsaturable one (Fig. 4 , Table  IV ). Estimations of the in situ apoplastic sucrose concentration in Glycine max and Phaseolus vulgaris embryos vary from 35 to 200 mol. m-3 (5, 12, 18) . If the apoplastic sucrose concentration in pea seeds had similar values, then the con- Figure 4 (concentration range 1 0-2 mol m3 to 100 mol _ m-3), and to an additional data set for stage 2 cotyledons incubated in basal medium with an osmolarity of 100 mosM (concentration range 0.5 molm-3 to 100 mol.m-3). tribution of the saturable system to the total uptake rate will be 53 and 64% (at 200 mol * m-3 sucrose) for stage 1 and stage 2 cotyledons, respectively. Apparently, the saturable system plays an important role in the uptake ofsucrose by the embryo during the whole developmental period examined. This contrasts with amino acid (L-valine) uptake by immature pea cotyledons, which is exclusively taken up by an unsaturable component at the earlier stages of development. A saturable amino acid uptake system was only detectable after the water content of the cotyledons had decreased to 65% (10) .
Maintenance of the asymmetry of label in the sucrose molecule after uptake (Table II) , no inhibition of sucrose uptake by glucose and fructose (Table III) , and the pHdependency of the sucrose influx in a isotonic medium (Fig.   5 ) are in accordance with the results obtained in the studies on sucrose uptake by developing soy bean embryos (13, 22) . It is likely, therefore, that the saturable uptake of sucrose by developing pea cotyledons, as in soybean embryos, is mediated by a proton-symport sucrose carrier (12, 13, 20, 22) .
The Michaelis-constant (Kin) (Table IV) compares favorably with those for sucrose uptake by soybean embryos (13, 22) . The Vmax of sucrose uptake by pea cotyledons (Table IV) is also similar to the Vmax (100 nmol.min-'.g fresh weight-') reported by Thorne (22) for soybean cotyledons of a developmental stage (fresh weight: 300-400 mg * embryo-') roughly comparable to our stage 2 cotyledons. However, a much lower Vmax ( 10 nmol.min-'.g fresh weight-') can be estimated from data given by Lichtner and Spanswick (13) . The reason for this, most probably, is that Lichtner and Spanswick measured sucrose influx in cotyledons of an early developmental stage (fresh weight: 100-150 mg * seed-') using a medium with a low osmolarity.
Effect of Medium Osmolarity on Sucrose Influx
As sugar uptake in other plant tissues (3, 19, 24) , the reduction of sucrose uptake by a hypotonic condition can be attributed to a reduced Vmax of the saturable component (Fig.  4 , Table IV ). Following a suggestion by Reinhold et al. (19) , several authors have assumed that reduced sucrose uptake in a hypotonic medium is caused by inhibition of the plasma membrane H+-ATPase at increased turgor. Observations of depolarizations of the trans-plasma membrane potential (7, 11) and reduced "proton extrusion" in hypotonic medium (19, 24) seem to support this suggestion. Conversely, stimulation of the activity of the plasma membrane H+-ATPase by incubation in hypertonic medium has been suggested in a study on the osmoregulatory mechanism of the alga Dunaliella salina (16) .
In contrast to sucrose uptake, the uptake of L-valine by developing pea cotyledons was not affected by the osmolarity ofthe incubation medium, or only slightly so (10) . The reason for this, most likely, is that at earlier developmental stages Lvaline uptake is exclusively by an unsaturable transport pathway and is not a proton symport (10) . At the developmental stage where a saturable amino acid uptake systems comes in play, the osmosensitivity of saturable sucrose uptake had already decreased considerably.
Osmosensitivity of Sucrose Uptake
In both stage 1 and stage 2 cotyledons turgor attained the same value, when incubated in a hypotonic medium (Table  I ). This observation implies that an increase in turgor per se cannot be the reason for the reduced sucrose uptake by developing pea cotyledons in a hypotonic medium. Incubation of stage 1 and stage 2 cotyledons in a hypotonic medium resulted in increase of cell volumes to 1 16 and 106%, respectively (Table I) 
